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1. Statement of the hypothesis, objective and value of the research.

The hypothesis under investigation wass that a ubiquinol (NADH) oxidase protein of the
cell surface with protein disulfide-thiol interchange activity (= NOX protein) is a plant and
animal time-keeping ultradian (period of less than 24 h) driver of both cell enlargement and the
biological clock that responds to gravity. Despite considerable work in a large number of
laboratories spanning several decades, this is, to my knowledge, our work is the first
demonstration of a time-keeping biochemical reaction that is both gravity-responsive and
growth-related and that has been shown to determine circadian periodicity. As such, the NOX
protein may represent both the long-sought biological gravity receptor and the core oscillator of
the cellular biological clock.

Completed studies have resulted in 12 publications and two issued NASA-owned patents
of the clock activity. The gravity response and autoentrainment were characterized in cultured
mammalian cells and in two plant systems together with entrainment by light and small
molecules (melatonin). The molecular basis of the oscillatory behavior was investigated using
spectroscopic methods (Fourier transform infrared and circular dichroism) and high resolution
electron microscopy. We have also applied these findings to an understanding of the response
to hypergravity. Statistical methods for analysis of time series phenomena were developed
(Foster et al., 2003). Site-directed mutagenesis was used to generate NOX proteins with period
length longer or shorter than 24 min which when introduced into COS cells generated circadian
responses with period lengths corresponding longer or shorter than 24 h (60 X the NOX period
length) (Morré et al., 2002). A role for bound copper in maintaining the 24 min period length
was discovered together and a site-directed mutagenesis analysis of active site cysteines and
functional domains was completed. A CNOX monoclonal antibody to soybean protein was
obtained. The antibody was used in ongoing efforts to expression clone CNOX from plants as a
first step toward site-directed mutagenesis and vector-forced mutational analysis of the role of
CNOX in elongation growth, circadian function and gravity response in plants.

The importance of the work is underscored by recent report that, after three months in
space, astronauts lose sleep and sleep less soundly because of the lack of gravity and the absence
of day- and night cues that disrupt their internal clocks (Monk et al., 2001). While the biological
clock continues to function in space, the results of this first long-term study demonstrate rapid
deterioration of the body’s daily rhythms and the need for ways to trick the internal clock into
maintaining a strong 24 h cycle if longer space missions are to succeed. Our findings provide a
biochemical approach to the development of just such a strategy.

We are confident that the ground-based studies completed under NAG 2-1344 will lead
eventually to flight experiments to test our model and hypothesis for how multicellular
organisms respond to gravitational perturbances. New precise monitoring systems for
application to both humans and to non-human species are expected to derive from the work as
well as significant contributions to understanding mechanisms that underlie space flight-related
developmental changes in plants and biomedical and behavioral changes in humans.



The most important and unique feature of the research proposed lies in the opportunity,
for the first time, to isolate and characterize a gravity responsive protein that may, in fact, be
both the gravity-receptor molecule and the biological clock. The protein appears to be
distributed widely among plant and animal cells where it is located on the external cell surface.
The protein is involved in the growth process and is stimulated by relatively low imposed
gravitational forces (Garcia et al., 1999; Bacon and Morré, 2001). In gravitationally-responsive
plant parts, the activity of the protein responds to unit gravity (Garcia et al.,, 1999). The
structural and functional implications of such a protein are far-reaching. They not only provide a
conceptual frame work within which future micro-gravity research may be based but provide, as
well, opportunities for chemical or genetic modulation of the receptor protein to enhance
adaptation of astronauts, food plants and living organisms in general, to space flight conditions.

2. Review of research completed.
a) Summary

In work carried out under a previous NASA-sponsored project, a gravity-responsive
protein with NADH oxidase activity at the external mammalian cell surface discovered from
studies with isolated plasma membrane-derived endosomes from rat and bovine kidney and from
HeLa (human cervical carcinoma) cells grown in culture. The initial observations were based
on a response to imposed centrifugal forces (Morré et al., 1998a). A comparable activity was
found for plants using a plasma membrane-derived endosome model (Morré et al., 1998b).
Subsequent studies under NAG 2-1344extended the observations to isolated plasma membranes
from HeLa cells and soybean tissues (Garcia et al., 1999). With the latter, a growth-related
response to unit gravity was obtained (Garcia et al.,, 1999) as well as a response to imposed
centrifugal forces. The cDNA to a mammalian form of the protein was cloned (GenBank
Accession Number AF207881) and the protein expressed in bacteria (Chueh et al., 2002 a, b).
The purified protein from soybean as well as the recombinant form of the protein from Hela
cells expressed in E. coli responded as well to low g centrifugal forces. A second important
characteristic of the protein also given by the recombinant protein was a periodic alternation of
two functional activities associated with the protein. The two functions were quinol (NADH)
oxidation with concomitant transfer of protons and electrons to molecular oxygen or protein
disulfides and protein disulfide-thiol interchange. The two activities alternated with a
temperature compensated and entrainable period length of 24 min. The pattern of oscillations
coincided with a similar pattern of oscillation with a period length of 24 min that characterize
cell enlargement (growth) in plants (Morré, 1998; Morré et al., 2001a, 2002) and animal cells
(Pogue et al., 2000). As such the activity has been suggested to function both as an ultradian
core oscillator of the biological clock and of the enlargement phase of cell growth common to
both plant and animal cells.

b) Plasma membrane NADH oxidase of soybean hypocotyls is gravity-responsive (Appendix
Figures 1-8, Table 1).

1) Plant NOX activity responds to unit gravity



NADH oxidase measured with intact tissue sections and with isolated plasma membrane
vesicles from etiolated hypocotyls of soybean (Glycine max) responds to gravity (Garcia et al.,
1999). The response was one of inhibition of activity with low centrifugal g forces (< 100 g) and
short stimulation times lying flat of 20 min or less at 1 g and one of stimulation with higher
centrifugal forces and stimulation times of 3 min or longer at 1 g (Garcia et al., 1999). Everting
the tissue sections resulted in stimulation of the activity with a lag of less than 20 min and
returning the sections to the normal upright position resulted in a return to initial rates also with a
lag of less than 20 min. Both the stimulated and non-stimulated activities oscillated with a
period of 24 min.

i1) Plant NOX activity responds to imposed centrifugal force

When intact hypocotyl sections were centrifuged for brief periods of time at low g forces,
NOX activity also was stimulated in a time- and relative g-force-dependent manner (Garcia et
al., 1999). A similar response was given by NOX activity of plasma membrane vesicles isolated
from hypocotyl segments.

The NOX activity of isolated vesicles of plasma membranes from soybean hypocotyls
exhibited a response to centrifugation that was both g force- and time-dependent. These
experiments were carried out with two spectrophotometers operated in parallel. With both
instruments, the reaction mixtures were constituted, poured into tubes and transported from
centrifuge to spectrophotometer in exactly the same manner, the only difference being that one
was centrifuged and the other not. The centrifugal forces utilized were insufficient to sediment
the membranes to form a pellet. The activity in response to centrifugation persisted for a time
with a T /2 of ca 10 min for the return to basal levels. However, the centrifugation induced
responses persisted for a time sufficient to carry out physical measurements of changes in
secondary structure.

¢) The gravity-responsive NOX activity oscillates with a temperature compensated period of 24
min (Appendix Figures 9-15, Table 2).

The NOX activity of etiolated hypocotyls of soybean oscillated with a period length of
about 24 min or 60 times per 24 h day (Morré and Morré, 1998). The oscillations were
temperature compensated such that the period remained constant at 24 min between 17 and 37°C,
a temperature range over which enzymatic activity varied 4-fold (Q;¢ of 2). The oscillations
were observed with intact tissue sections, with isolated plasma membrane vesicles and with the
detergent-solubilized and partially purified enzyme. The oscillations were observed both with
the oxidation of NADH and in the restoration of activity to scrambled ribonuclease used as a
measure of a protein disulfide-thiol interchange activity also associated with the NOX protein
(Morré et al., 1995a).

To illustrate the reproducibility of the periodic nature of the activity oscillations, rates
were measured for plant plasma membranes simultaneously with two spectrophotometers and
with reaction mixtures prepared in parallel. The two data sets yielded similar patterns of
oscillations. The corresponding Fourier transforms of the oscillations given in Appendix Figures
14C and 14D verified that the oscillations were periodic.



The rate of NADH oxidation = 1.6 + 1.9 sin ((15.12 = t) + 120 7/180) where t =time in min and
180

the value of 1.6 is the mean rate of NADH oxidation in the presence of 1 uM 2,4-D, a synthetic

auxin regulator of plant cell enlargement that stimulates both growth and the NOX activity

(Appendix Figrues 14A and 14B). The sine function described by the equation (dotted sine

function) approximated the experimentally determined values of Appendix Figures 14a and 14B.

To allow for calculation of standard deviations in amplitude, a second set of two
determinations was carried out under the same conditions as those for the first set. The second
set of determinations was delayed to begin in phase with the first set. The specific activities of
the four data sets were then averaged and standard deviations were calculated (Appendix Fig.
15A). The maxima and minima of the oscillations were significantly different and the composite
Fourier analysis (Appendix Fig. 15B) yielded a mean frequency of 0.042 + 0.001 cycles/min or
an average period of 23.8 + 0.3 min.

Fourier analyses were applied to triplicate data sets collected in the absence of 2,4-D at
each of the 3 temperatures investigated (Appendix Table 2). The periods determined were about
24 min at 17°, 27° and 37° C and the mean period comparing the three different temperatures
was 24.1 + 0.3 min.

d) NOX activity of the bovine milk fat globule membrane a derivative of the mammary
epithelial plasma membrane exhibits a 24 min temperature compensated period.

An oscillating activity with a temperature compensated period of 24 min has been
described for the NOX protein of the bovine milk fat globule membrane, a derivative of the
mammary epithelial cell plasma membrane (Appendix Fig. 9, Morr€ et al., 2002). The period of
24 min remained unchanged at 17, 27 and 37° C whereas the amplitude doubled with each 10° C
rise in temperature (Qio = 2) as for soybean. The periodicity was observed with both intact milk
fat globule membranes and with detergent-solubilized membranes.

e) The NOX activity of the HeLa cell surface exhibits a ca 24 min temperature compensated
period and responds to gravity.

A mammalian counterpart to oscillating NOX activity with a temperature compensated
period length of 24 min of plants was observed as well for HeLa cells (Wang et al., 2001). The
period length of 24 min remained unchanged at 17, 27 and 37° C whereas the amplitude doubled
with each 10° C rise in temperature (Qo = 2). The periodicity was observed with the surface
activity of whole cells and in a cell-free environment with right side-out plasma membrane
fragments and with partially purified NOX protein. The oscillations were not the result of
instrument variation or of chemical interactions among reactants in solution. Preparations with
different periodicities entrained (synchronized) when mixed. The gravity-responsive cell surface
NOX protein is the first reported example of an entrainable biochemical entity with a fully
temperature-compensated period length potentially capable of functioning as an ultradian core
oscillator of the circadian clock.



A response to imposed gravitational forces has been demonstrated for the NOX protein of
plasma membranes of HeLa cells, a partially-purified fraction of NOX proteins from HeLa cells
and for human recombinant NOX protein. When subjected to low centrifugal forces, 1.e., < 500
g'min, the human NOX protein from all three sources responded with an enhanced rate of
NADH oxidation. The enhanced activity persisted over 5-6 min and then slowly returned to
basal levels with a T %2 of about 10 min.

f) The rate of plant and animal cell enlargement oscillates with a period length of about 24 min
(Appendix Figures 16 and 17, Tables 3 and 4).

Since activity of the gravity-sensitive NADH oxidase was correlated with the rate of cell
enlargement, experiments were designed to determine if the rate of cell enlargement also
oscillated with a period length of 24 min. This expectation is borne out with elongation of
hypocotyl sections of dark-grown soybeans (Morré, 1998; Morré et al., 2002), elongation of
coleoptile sections of dark-grown maize and enlargement of individual epidermal cells of
soybean (Morré et al., 2001a) as well as enlargement of CHO (Pogue et al., 2001) and HeLa
(Wang et al., 2001) cells. Steady state cell enlargement in these cells and tissues is strikingly
periodic and the pattern of oscillations parallels those of the cell surface NADH oxidation.

Oscillations in the rates of cell enlargement in CHO (Pogue et al., 2001) and HeLa cells
(Wang et al., 2001) were monitored by light microscopy. The period lengths corresponded to
those of the NADH oxidases present at the CHO and HeLa cell plasma membranes.

As both the gravity-responsive NOX activity and plant and animal cell enlargement
exhibit oscillations with period lengths of 24 min, we postulate that gravity may be an important
contributor to NOX synchrony and entrainment with important implications in cell growth,
homeostasis and circadian control of cellular activities. A hypothesis that we are eager to test is
that small molecules that mimic the effect of gravity on earth can be utilized in space to improve
plant production and to facilitate traverse of the complete reproductive cycle and to enable space
travelers to maintain normal biorhythms in a micro-gravity environment.

g) The NOX protein shed from cells and into the circulation.

The NOX protein is an ectoprotein anchored in the outer leaflet of the plasma membrane.
As is characteristic of other examples of ectoproteins (sialyl and galactosyl transferase,
dipeptidylamino peptidase IV, etc.), the gravity-responsive NOX protein is shed. It appears in
soluble form in conditioned media of cultured cells and in sera. The serum presence of the
NOX proteins seems to represent an origin due to shedding from cells and offers an opportunity
to monitor NOX activities of human subjects based on serum analyses.

h) Mechanistic studies (Appendix Figures 19-29)..

The mechanisms whereby the NOX protein both responds to gravity and exhibits a fully
temperature-compensated period length are, at the moment, speculative but appears to reside
within the secondary or tertiary structure of the NOX protein. One scenario is that paired NOX
subunits interact specifically to induce a random coil or a-helix to B-structure transformation.



The ensuing conformational change would be spontaneous and reversible. Upon reaching a
certain conformation, the process would then reverse and, after 24 min, begin anew.
Synchronous subunits might at some point dissociate from each other more readily than
asynchronous subunits and then reassociate with subunits where folding and unfolding was less
synchronous than with themselves. Association of two asynchronous subunits would then result
in synchronization such that by association and reassociation, a membrane population or solution
would become highly synchronized. The NOX protein is considered to be anchored to the
membrane either by hydrophobic or electrostatic interactions that can be reversibly dissociated.
The NOX protein appears to contain neither a GPI anchor or a transmembrane spanning domain.
Both of these possibilities are ruled out by experiment and on a theoretical basis from the derived
amino acid sequence and from the hydropathy plots of the derived amino acid sequence of the
open reading frame of the cDNA (Morré et al., 2001b). As such, the NOX protein would be
relatively mobile in and off the membrane. Subunits would be free to associate and dissociate as
well as recruit unsynchronized new molecules coming from synthesis to replace shed molecules.
A role of NOX as an ultradian time-keeping mechanism would also be served by the existence of
a fully active but drug-responsive circulating form of the protein that retained periodicity (see
above). The circulating form could move throughout the organism and associate with NOX
subunits on the surfaces of cells to synchronize the entirety of NOX molecules within the cell
and ultimately within the entire organism.

i) Cloning of the tumor-associated NOX protein (tNOX) from HeLa (human cervical carcinoma)
cells and the constitutive NOX protein (CNOX) from soybean.

Expression screening of a HeLa cell library was used to isolate cDNA clones encoding a
protein recognized by a monoclonal antibody to the human tNOX protein isolated from sera of
cancer patients.

The amino acid sequence derived from the open reading frame of the cloned cDNA
(Appendix Figure 30) contains conserved quinone binding site motif (drugs inhibitory to tNOX
are considered to bind at the quinone site) and a conserved NADH-binding site. The protein
contains 8 cysteines and a putative C-XXXX-C protein thiol-disulfide interchange motif distinct
from that of protein disulfide isomerase and other known thiol oxido-reductases. A H(326)-V-H-
P-F-G copper-binding motif in the deduced amino acid sequence of the NOX gene is highly
conserved with the motif H-V-H-E-F-G in that of both human and chicken copper/zinc
superoxide dismutase (Cu/Zn SOD). The third ligand for copper binding was located 15 amino
acids downstream from the motif in chicken SOD. One histidine (histidine 355) located 14
amino acids downstream of the motif in tNOX, therefore, is the likely candidate for the third
copper binding ligand in the NOX protein.

The antigen was a 34 kD peptide from sera of cancer patients (Chueh et al., 1997). This 34 kD
peptide region had been associated previously with a sulfonylurea-binding protein from plasma
membrane of HeLa cells and with the sulfonylurea-inhibited and/or capsaicin-inhibited NOX
activity shed into culture media conditioned by growth of HeLa cells and of sera of cancer
patients.  Antisera generated to the 34 kD peptide inhibited and immunoprecipitated the
sulfonylurea- or capsaicin-inhibited activity and cross-reacted with the 34 kD band from sera.
Clones were selected on the basis of reactivity with 34 kD tNOX-enriched fractions prepared



from the HeLa cell surface. Secondary screening used inhibition of the drug-inhibited
component of tNOX activity of pooled sera of cancer patients. The antisera were extensively
characterized (Cho et al., 2002).

The periodic oscillations in enzymatic activities associated with the cellular NOX
proteins has been observed with the recombinant tNOX generated from expression of the tNOX
cDNA in bacteria (Chueh et al., 2002 a, b). The period length of the recombinant protein is the
same as that of cellular tNOX and its identity as tNOX is confirmed by the total inhibition of the
activity by 1 uM capsaicin.

A second unique feature of the cell surface tNOX activity is that the two activities
associated with the cloned and expressed protein, the hydroquinone (NADH) oxidase activity
and the protein disulfide-thiol interchange (dithiopyridine cleavage) not only oscillate but the
two oscillatory activities alternate (Appendix Figure 20C). This represents an extraordinary
observation and one unprecedented in the scientific literature.

J) Cloning of the constitutive NOX protein (CNOX) from plants.

In a parallel investigation, a monoclonal antibody was generated to the constitutive NOX
activity of soybean plasma membranes (CNOX). This antibody was used to initiate expression
cloning of the CNOX c¢DNA from a soybean library.

A total of 5 mice were immunized with right side-out plasma membrane vesicles as
immunogen. One mouse yielded a monoclone to the constitutive NOX. The antibody had the
required characteristics to proceed with library screening. The antibody completely blocked the
24 min pattern of oscillations of the column purified constitutive NOX activity from soybean
(Appendix Figure 18), reacted on Western blots with the 48 kD CNOX peptide,
immunoprecipated both the CNOX peptide and the activity in parallel and did not cross react
with the E. coli NOX as required to have utility for expression cloning using the bacterial
system.

k) Red light in plants and cysteine compounds in plants and animals set the period and cysteine
compounds may have utility for growth of plants and other organisms in space.

The NADH oxidase activity of the plant cell surface clearly oscillates with a 24 min
period. With plants of spinach or soybean, the oscillations of all plants within a single
population are in phase (Morré et al., 1999a). Experiments were carried out to determine what
stimulus in the environment was responsible for the synchrony. The findings demonstrate that
light exposure of plants transferred from darkness initiates a maximum 12 min following the
light exposure independent of the point in the cycle where the light was given (Morré et al.,
1999a). Red light (650 nm, 10 min, 50 uM m™s™') was equivalent to white light. Blue light also
phases the oscillations but apparently through a different chromophore than red light (Morré et
al., Submitted b). Green or yellow light at a similar intensity as red or blue light were
ineffective. Far-red illumination (730 nm, 5 min) appeared to be equivalent to darkness and was
sufficient to condition the plants to respond to light by resetting the NOX cycle. Involvement of
phytochromes, as the light detecting molecule, therefore, is indicated for the red light absorbing



chromophore. Since blue light sets the period in both plant cells and mouse skin, a blue light
absorbing chromophore common to both plant and animal cells such as a cryptochrome is
indicated for the blue light chromophore.

The only substances found so far that alter the pattern of oscillations are melatonin and
valerian. These compounds do not change the period length but “set” the phase of the oscillatory
patterns much like light. But unlike light these substances act directly on the NOX protein itself.
A single addition of 1 M melatoninresults in an activity maximum with activity maxima every
24 min thereafter. The response to valerian is similar to that for melatonin and has been
demonstrated for soybean, Hel.a and CHO cells and mouse skin.

FT-IR spectrometer used to measure protein changes in NASA centrifuge.

When subjected to low centrifugal forces (< 500 g min), a human recombinant ECTO-
NOX protein (tNOX) responded with an enhanced rate of NADH oxidation. The enhanced
activity persisted for 5 to 6 min after centrifugation and then slowly returned to basal levels with
a Ty of about 10 min. Normally ECTO-NOX proteins exhibit complex oscillatory behavior
within each 24 min period consisting of five maxima unequally separated at intervals of 4 to 6
min. Each of the 5 maxima correspond to changes in the proportion of a-helix and -structure
determined by Fourier transform infrared (FT-IR) and circular dichroism spectroscopy. After
centrifugation for 4 min at 100 g, the activity of the fourth upward inflection in each period was
disproportionately increased and the third inflection appeared earlier. These two inflections are
two of three inflections that coincide with maxima in protein disulfide-thiol interchange and
correlate with growth.

Taken together, the findings suggest that the gravity response is confined to specific
domains within the structure of the protein involved in the oscillatory behavior. To test this
hypothesis, an Avatar 360 FT-IR spectrometer was mounted to the arm of the 20 G centrifuge
(29 ft radius with Avatar’s center mounted at 23 ft) at the NASA Ames Research Center, Moffett
Field, CA. Greatest instrument stability was achieved with the mirror aligned tangential to the
centrifuge rotation. The Avatar, fitted with a calcium chloride sample cell containing human
recombinant tNOX protein was rotated at forces of up to 2.75 G, (the instrument withstood 5
min at 3.5 G). An alteration in the FT-IR signal (Amide /Amide II) was observed in proportion
to G force that was retained by the protein following centrifugation (Appendix Figure 32) for a
time before returning to the original baseline value. The findings confirm that ECTO-NOX
proteins respond to normally sustainable G forces on earth and experienced in flight.

NOX proteins have many characteristics in common with prions. A distinguishing
property of prions is the ability to undergo a permanent conformational change (to learn) and to
transmit this conformational change to other proteins like itself (to teach). The response to
gravity may be similar except that the memory component is transient and the protein in solution,
at least, returns after a time to its original baseline value.

As controls, the recombinant tNOX protein was replaced by albumin or ribonuclease.
Neither control protein exhibited the five-peak pattern of change in Amide I/Amide II nor



exhibited the G-force dependent alternations in peak amplitude observed with the recombinant
NOX protein.
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Fig. 5. NADH oxidetion of 1 om hypocotyl sectiors of Fig. 8. NADH oxidation by right side-out plasma membrane

soybesn 9 3 function of centrifugstion ume in mn at 250 g.
The sections ware onsmed in the centrifuge 38 descnbed for

vencies a8 3 funcuon of cantrifugal force IG) applied for 30
we. The forces and umes ware insufficient 0 pelet U

Figure 4. membranes.  Assays were over 10 min  following
cantrifugatior. An yncentrifuged greparation was 3sssved in
oaraital  and marupulated axactly as the cenmnfuged
praparation sxcept not centrifuged.
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Fig. 7. Oscresass in Ayy 35 8 messure of NADH A L] ’
oxidzpon in the abeencs (open symbols) or :
presencs (closed symbols) of 40 1.cm sectons of O U 41 MW u T W IMe X 4 n
stolsted hypocotyls of soybesn #t 317°C. Forty e, um

McToone wers placed in 4 mil of poiution contaming
30 mM Tris-Mes. pH 7, 0.6 mM KCN and 90 uM
NADH in 3 specuophotometer cuvetts. AL
nmervels of 1.5 min, the incubaung solstion was
mized. 5 2.9 mi pordon wes twnsfened W o
acond cuverts and the sbeovtance it J40 Vi waa
deterrvered. The solution was then retumad @ the
ncubsstion vessel. A sinusciial fluotuston wes
sbearved with sn approximats period of 24 min.
Arrpws indicate sctiwty munima.  The Sversge rate
of MADH oxidgtion over the §O0 min cdesrvaten
penod was § ¢ /40 V-em Jons

Fig. 8. NADNM exidstion rates datermined at imtervala of ! mn by 40 1-am sactions of
stiolated hypocotyts of SovOssn a8 the HCIeBse in Ay, Meanrsd comparing 17. 27
and 37°C. Canditions wers a3 for Rgus | sxcegt that additional NADH was sdded
overy 1§ min &t 37°C, every 30 min st 27°C and every 80 min 5t 1 7°C t0 maintai the
NADH iovel slsve the orevidusly detarmined K, of sbout 100 uid. The sbedrbancs
Changes dus 0 NADH addition wire sxciuded o the compoeits wacas. The second

" trecs a2 37°C ia o continuation af the first BUE TN G wre presenTed a8 TWG FICHS T

Aconmmadate ty the sae scale e for 17°C and 27°C. Aversge rates of RADM
oxidition massured over the times indicated ware 4 nmoles/min/4d 1-cm sections at
17°C, 7.3 rencieaminv40 1-om sections ot 27° and 15.8 amolet/Mminiad 1-om sections
N I7°C. Yot Yw period remened congtant 5t SBOUT 24 mn, Arows indicate scTtY
meemy, A 1T, 8. 27°C, €. 3C.
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¢ 0 1316 1M Mg

Fg. 1. Rate of MADN ogxidstion of plsams Membrans
vescies solubilized in 1% Triton X400 g messured in
sheancs (open symoois) of presence (solkd symboie) of | uM

2 4-dichiorophencxyscsve agid (2.4-0).

14

10

[ ¥
: re

Al i \(\/\f\

-1

£

¥
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Fig. 10, Rates of ‘NAOM oxidaton of right siis-out plasma
membrane vesicles isalated from 1 cm sovybsan hypocotyl
HCTONS By DMtition & two-phase polymer systam. The
reaction mixture in a tinal volume of 3.5 mi, contained 50
mM Teis-Mes, pH 7, 1 mM KCN, 150 uM NAON and 40 w0
50 pg plasma membrane grotain, NADH oxdation wag
determined {rom the decrsaze i absorbance at 340 am using
» Hitachi U3210 spectroghatametar squioped with & wate

jwckatad sample cell for temosrature conuol with consuant
: i 17°C, 8.

L g. Amrows indk acuvity maxima. A,
27C. €. IC.
L]
3
F
i.
1,
!
4 » V
{.
i.l
o it i)
otnuunnquuunnn
: L, W
Rg. 12. Aate o! NADM oxidution of » detergent:
traction snnched a the suxin

; — NADHﬁ.:Hl ivity. Assay wis as
horrmony-strmisted [} 38 8CT B
Wlam-lo.mmotmm" and
partisity purified engyme exhibied the sams ¢s. 24 min
periodicity a8 wes Observed WM the ivtact hypacatyl
m‘manmwmwmdﬂm\-
membranes vesciee (M. 101. The sxpariment wes one
twice. The aversqe parod length weih the solubiized and
partisity-punfied protein wes 23.8 £ 0.4 men.
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Fig. 13. ~ Time cowrss of proten  diauifide-thial
imisrchangs activity astmatsd from the acuvaven of
scrambled RNage 0 1he absencs of <CMP  subetrate.

Membdranss (400 g of protein) were incabatsd togeher wrth
scrambled (inactvel ANass for the timas indicated in the

FREQUENCY, syctes/min

presence of sbaencd of & batanced redox buffer of freshy Fig. 15. As in Fig. 14 exceot means of four sets of da-
peepared 1 uM GSH plus 1 uM GSSQ and in the presencs of thosa of £ig. 14 plus 8 second set -
; . b epresenting
1 uM 2,40, After the times of preincubation indicated. dotamunaTons with (he same plssms membrar
cCMP substrats was added, the ANase activity wes sssayed preperation and bagun with the perodicity in phase we
aver 2 min following the prencubstion, and the rate wa the first 301 of duterminations. A. Rasulty are Given &
datecminad. The rate of activation was aporoximately iinear meanis = standard daviations among the fo.
my fluctuated with 2 ca. 24 min penod. Astows indicate Jeterminations 1o shown the repraduciility of the partes
miniTna in the rate of activation of ANase activity. of the pertodicity. 8. The Fotr:

vanstorms of tha aversged dats. T
maximum  amplitude coincided  with

" fraquancy of 0,042 £ 0,001 cycleatmin or
" “ pericd length of 23.8 £ 0.3 min, From Mor
tad “ and Morrs (in press).
[T » ’
Lo »
14 »
. " Tobie . Ruurer wistysas of NADH den ¢
comoaring 17°, 27° andt I7° C tne N, The pevied o
. bod froen Uve I cbnorval ¥T A,
™ 8 srptaste.
-l L. .C — Temeerwnse Froguercy Perod (i
vt ey ma "]
8 & -l
. <} ire 0.041 3 Q.002 VPSR |
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Fig. 14, Two pacailel determinations af the rats of MADN oxidaton by soybesn
plasmas mambranes wrth time over 120 min in the pressnce of 1 uM 2.4
dichiorophenoxyacatic acid (2.4-01 (A snd BI as described n Fig. 10 and the
coresponding Fourier transforms (C and D). The twa determinations wers carried out
simultaneousty Wing two side-try-eide Mitach UJ3210 spegtroghotometars. Retes of
NADH ocmdation wers meseured over | min at intervals of 1.5 min, The moomum
smplitude from the Fourier analvsia coincided with 3 frequancy of sbout 0.042
cycies/min and correspanced 1o a perad length of 2.8 min. A sing function wes
firted to the data (dotted curvel BCCOndng ta the squation given in U text,
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Fig 16. Periodic enlargement of an epidermal cell of

soybeaa as 2 fuccnion of nme over $0 mun determined
by  wideo-enbanced — microscopy. Length
messurements were taksn at intervals of | min,
Single arrows indicate maximum cell lengths based
on decomposition fits. Double arrows indicate
runima. These maxima and minima recurred every
24 min. From Morré et a]. (2001a).

Tatis 3. Faurer araiyses of NADH oxidase perodicitios
of soy.ean Jidsma memiranes comgaring 17 27 and
37° C (nm3). The pencd was Jdetwmuned from the
frequencies observed st maxunwm smpktude (Morrd ang
Morré. 1988

Temgperature Freguency Permad {rmin}
icycles man'}

t7° ¢ 0.031 = 0.002 244213

F XA 0 Q415 = Q.003 2412139

3rcC QCd2 =« 0.004 28224

Mean 0.8415 = 0.000% 241103

Table 4. Pericd largih of cell slongation of
soybssn ceils detwrraned Hom dMerental
intsrferences contrast images recorded st 1 man
intarvais a8 Figure 8.

Temperatuwre Pecsod imin}
17°¢ 8.421]
2 C 41219
3rc 3.8 2.4
Maan 24,1203
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Fig. 17, Elongation grawth of 0.5 e sections of dark-
geown seedlings of soybean messured at 2 min
intervals using a multichaanel suxinometer as
described by Luthen and Battger (1992). Each result
is for four 0.5 ¢m sections. Elongation rate flucruated
with 2 period length of 24 min (A). The secdons
wese equilibeated for 130 min after which | uM 2,4-
D was 1dded.  Steady sute elongation rates berween
430 and 630 min are shown. (B) Time series
{decompusition) analysis to verify the reproducibility
of the panern of oscillations also confirmed by
Fourier agalysis (From Morré et al., 2001b),
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Fig. 13. Aaibody inhibition of the actvity of the 24-D-
wresponsive NOX protein purified by concanavalio A calumn
clvomawgraphy from olubilized plasnu membrages ©!
ctiolated bypocoryls of soybean. The periodic compodent (24
min period length) is reduced by soybean CNOX-.WfK
MAB PU-19 in the first cycle afer MAB addition sod
completely eliminsted in subsequent cycles.
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Fig. 19. A &azmenal diagam o wummaizng oS¢
prysicioged! 123 mu'niunctional properties of the druj- ad
hormone-resgans.v s piasisa memsrane NADH oxidase. The
S35t nasd gEe o7 (e disgram illusTates the spaml
re.ationships of e nside NAD(PIH: quinone reductase, the
membrang pocl 3f ceennyne Q (Q1) (Yiamin K, in plany)
and the extermal NADH oxidase (NOX) protein across &e
plasma membruse. 1 this manner, te NOX protein couid
fuacticn as a :erminal oxidase of plasma membrane ¢leczan
Tasspoct ceating elezTons from ¢acsalic NADH either o
malecular oxyzan 1 @ Pwo eleczon tansfer or to reduce
groteit disulides The le® hand perios of the dizgram
summarizes the two rsactions catalyzed by the prowin
disulfide-thiol inferzhange and  Giiol-disulfide oxido~
reductase activitiss, The wterchange activity whick occurs
i the abseace of ex:emal reductants is possulated o play a
role in growwh. Geawh faciors appear (o serva as guwitches
to smphasizs Lis part of the mechanism (Morré, 19942).

NOX genomic DNA
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Fig. 11. Exon-ingon grgamzation of the gene coding for
human INOX. The solid line represents the genomic
ONA and cDNA regions cloned while the dashed line
represents uncharacterized ¢cDNA sequences. Closed
boxes in the geromic ONA map represent the 8
wentified protein-coding exons. Open boxes in the
¢DNA map represent tie cight identified proicin-coding
exons and the hatshied box in e cDNA map represents
the protein-coding region
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Fig. 20. The xtivity of the cloned and expressed protein
from HeLa also is periodic. The periodic variatica in the
rste of oxidation of NADH as a funcrion of time over
100 min showing § maxima (3 mis, 24 min, 47 min, 69
min and 93 min). Within & time of 93 min, four maxima
were observed with an sverage period length of about 23
min per period. The activity was completely blocksd by
the INOX inhibitor capsaicin at a concengation of (00
pM The paired sers of daa were collected
simyltancously  using ™o Hitachi 3074
specTophotometers. Oxidation of NADH at 340 am was
measured. A, The enryme source was a crude
preparation from bacteria expressing INOX ¢cONA from
2 HeLa (human) library induced to express the protein by
addition of IPTG. B. Asin A but in the absence of
inducer t0 serve as 3 coswol for machine and reagent
variation, C. As in A except the activities were
maaswed simultancously as a function of time using two
different spectrophotometers each with identical amounts
of the bacterially expressed INOX protein. The solid
curve shaws oxidstion of NADH measured as in A. The
dotted curve shows the cleavage of s dithiodipyridine
{DTP) substrate which 15 a measure of the tuol-disulfide
interchange activity. Both activities show 2 21 min
periodicity when rates were determined for 50 min
except that the activity maxima were |2 period out of
phase with cach other. Both activities were inhibited by
1 udt capsaicin added at 96 min (Morré, [998a).
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Fig. 3. Asin Figure 2. A. NADH oxidation detarmined by
the decrease in A, (upper curvel. Maxima [arows! way
a1 18, 42 and 68 min with secondery maxima st 24, 48
and 72 min. Three minge paaks completed sach 24 min
peicd. B. Disulfide-thiol interchange activity measurad
simuitaneously in pasallal a3 an incraase in Ay, from the
cleavege of dithiodipyriding (DTD1. Major peaks ary at 8. 9
and 12 min and at 24 min intervals thereatter with minor
peaks at 18 and 24 min and st 24 min intarvals thersafter.
Clearly, tha two activities, NADKH oxidation {A} and DTO
tleavage {B), slternate.
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Fig. 24- Increass in leng:h lenlargament) of & single cefl of
an apidermal strip temoved from the surface of & dart
grown seedling of soydesn a3 determined by Wmige
enhanced ight mxroscopy. Cell enlargement proceeds in
bursts evéry 12 min as for animal calls in culture iFig. 8
separated by rest perigds where the cells actually shrink.
As with NOX activity, sach 24 min perfod is comprised, on
wverage, of 5 resolvable maxima separated by minima.
Treas maxima are contained within the elongatian phase
ard cortespond to the protein disulfide-thiol intarchangs
deterrmined in paaliel le.g., Fig. 1581, The twa maxima
contained within U resting period correlate with the twa
maxima of NADM axidation le.g., Fig- 15AlL
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Fig. 2. Fauriar transform infra red snalyses of recombunant tNOX. Sixty-gne 1 min 36408 taken 1.5 min
4037t over 100 min are #lustrated. A. The ratio of the amide | {1845 to emide i [158%) absorbances varied

with maxims 3t 24 min’intervels 83 indicated by the arraws.

8. Within the smde } region (belowl, peak

absorbance vasiad Detwaeen 1658 and 1830 indicative of slternating a-helix-B-sheet ransitions. Concanavaln
A. cytachromae ¢ ar albumin when anstyisd in pacaflel thowed no such pattern.
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Fig 26. Parcent B-sa2d (A) wnd rago of paresst -
sand/c-delix (B) of solubie recombinant INOX
prior 0 acquitition of protoimase K-tesistmce.
Single srrows denote maxiza in M-strand structare
paced & intervals of 22 min.  The double peak at
62 and 68 min (to right of 3™ grrow) is & recurrent
feature posxibly associsied with time keeping Soe
also Fig 2 (24 amd 30 min).
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Fig. 21 [mage-enhanced  elactran  microscopy of
recombinant truncated INOX (3INOX) negatively stained
with 1% urany! acezare. Image enrancement was schisved
by superpositicn 2° 4 images d:gned o a common
morphoiogical teatirs tne centrai charnel filled with
elactron dense ura~u! acetate in A ard the stained-filled
discontinuity in tre ¢ rzglar protie a! B The image in A is
interpeated a3 3 (22 view gf na functong nNNOX dimer
ying flat. The image n Bis nierprated a3 3 view from the
top of 8 ONOX mcromer starding vorght.  Scale bdar =
0.01 um.

19

Fig. 28. Negativaly staned images of
reesminant NOX in closed {right) and
open [le’t: configurations. A. The twg
dominant wews are seen in the top pansei
conuisting of an apparent hollow eylindes
seer 0 lymg flat (double arrowheads) or
from the top Isingle arrowheacs). b and d.
clesed configuration. ¢ and &.  QOpen
configuration.

INOX CYLINDER WIDTH, pm
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Fig. 29. Oumaeters of single racombinant NOX
partickes measurad from preparations steined and
photographed a1 two min intervals. Digmneters
varied from <2 (b. sad d. of Fig. 201 to 2.8 (c. snd
e. of Fig, 28! nem
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L322 ATATG T I T IGGAS AASCA T A A A S T A T T A TA T T T AA T GG T TT TEAAS TLCAR S TIC ST TTGAAT T TG TCALTTCATT
2332 ATSTTTUTIASTTAMAATAAGGA TS TAGGACASCATCTCGAAC TACASGC L TAMGASAAA TTICLTCAAACCACAAGTGC TCTANTT
2072 COTCIICTTIC TG TCAATTSCTTCTCTTTAMTATTSL STECTGATGCTAMACAGTA TTTSCACTG TT T TCAGTSTCTGTACTACT

2182 TS TAC AT IS AT T T AAA AL TG T T AA I LA TS T T I TEA TEA T T I TA TG TRA S T IS DO T T T TAMACT IO T TTITACALT
2252 AT T TR TAC TGS TRAARSGCA TCAGAGTASCAS TAAS TCLTC T TOTAAS TGLCATT ITIUTTICAA TCCTCAGTACACCAGTAAATA

2347 AT AACAZATCAST ST TE TAGAA GG TGS TAITASG TTCAS S TTITAMESACAAASCATEG TITSTEC TTTITECAAMMATTACTA

23)T TRAAITARAAGTTSAL T T CANAG T T A TT T IS T TAACATATZACATTAMAGA TCTSTTTEACAR TTG TAAMAALTACATCTAGA
2321 TETIT T T ACAGAANCCAAGTATCCAS TATIAC TISIATITS TICATGC TATTCASAATCAC T TG TAAA TAG TL TEC TTT CAAASGAGLLC

261 AT STT A TI I I TITSAATTAMA TA TSI TLATI TOTACGCATATAC TLASAA S ASACASAC ST ACSTACACAMG TRGTAGANGLGATT
3T SATAT AT AT T T L TS T I T N T T A AT T T A T LI T I T T T O CAS TG TS TTRAAT TN AAACTTALTAC T
2732 O TAANTAL AT TTTAL T T TAT ST A TS T T TRAAMCAC TTGATATAASTATTAA TAGTAATCAA TCAATGAA TAXA TAATGAGL

2332 TAGAS T TS TGASCO T TTOTACAAATASC TS ASS T AL S TSSAS TIC GAA TTGCTAGACGAZAC I TP GG TAST SCCCATUOGCAAN TCGC
2ITY AT ASTATITIASTICAC AT TCACAAA D TTI TR TS TISAMA G T AAAZAGACASEA TECACC T TTCCLGI SAA TE TR L TGAGGL
3331 AGASATSSTITTTATISTITS IS TIO TGS T TITICTATITATAA TAA TCLAAGEA TACCCTCEC TIGAS TETCAA TIGAMGA TAANMGA
1032 ATSTATT ZASCAAGCAAASCSAATSCACASTATT I ALAMMAA TAS TT TG TAAMA TGASA TGECAGTAGTSTICAAAGTTGTATT TITAAA
324 A A AT T T T ATAL T AL T T T ST ST I TG T I T T I TAA TEAL TTACSC TC TAAS TAA TESA TTACTAGTTATCTICAGCTCIC
3337 LTSS TTACTACAA TG T TS0AAMAAT A TS SANG TS SO TS T T RACAAL TUSAAACAGSG TTECACAGCAGESCATTCATSCTGAA
3422 AATTIOIITITCRILIITS ST T e T GuC AL CAGCAGCCAASC TEA LG T TAATTTTACACTALCTTGC TEACTGATECATEYCTCA
3512 TLAATSCTACGOAAGGT I TTGATTCATCAGTCTCOOCLTETTSCAA TACS TAATTTTAA TAA TATC TATQLA TCAASSSAAAC TTTCCA
3332 TTTACASTTATTICTIS TTTAM TAAAL TAMA P TAA T T T TTAGGGIAGAGCAGTAGGAAAAAGAGC TAA TSCA TGCSCTG TTTAATACCT
3632 ACCTCATILSTISASGTICASCAMAASCASIATSECACATE TTIASSTATGTANM AMC S TECACA TCITLCACATETACCCLS 44
3732 AT

Fig. 30. Nuclcotide and deduced amino acid sequences of the INOX ¢DNA. The first potential transtation
initiation site is indicated at nucleotides 23-25 (ATC) with termination ar 18551357 (TAA), Putatise sigaal
peptides are underlined and the signal peptide cleasage sites are indicated by arrows, The putative quinong-
binding sequence. E394ENMTE, is denoted by a long dash-dat dot tine. The H3H6VH aad daswn stream H362
copper sites are shown Dby asterishs. The adenine nuclentide (NADH) binding sequence, T589GVvASL. is
underlined by dashes. The seguence data is available from GenBank under Acceysion No. AF207831.
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Fig. 31. Preliminary studies with tNOX cysteine to alanine replacements show that NOX period length
determines the length of the circadian period. Glyceraldehyde-3-phosphate dehydrogenase, & cellular
house keeping protein whose activity oscillates with a 24 h circadian period, was used to monitor cellular
clock function. A. Glyteraldehyde-3-phosphate dehydrogenase (GAPDH) activity in wild type COS
cells exhubits a precise circadian period length of 24 h. A minor penod length of 22 h comresponds to that
for endogenous tINOX (COS cells are SV40 transformed) (double arrows). B. GAPDH activities of
COS cells transfected with tNOX cDNA overexpressing the 34 kD tNOX protein with a 22 min period
length.  The transfected cells express both 24 h (single arrows) and 22 h (double arrows) circadian
periods. C. GAPDH activities of COS cells transfected with mutant tNOX cDNA overexpressing the
C558A mutant INOX protein with a period length of 42 min, The transfected cells express both 24
{single arrows) and 42 h (double arrows) circadian periods. D. GAPDH specific activities of wild type
subtracted from those expressing the CSS8A mutant INOX with a 42 min period length. The difference

shows 2 circadian period length of 42 h.

These experiments have been repeated subsequently with one of the INOX cysteine to alanine
teplacements exhibiting a 36 min period length (C575A). These transfectants now exhibit GAPDH
activity with a peniod length of 36 h 1n addition to the wild type periad length of 24 h.
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Figure 32. Retention of a conformational change by recombinant tNOX in response to
increasing imposed centrifugal force (Imposed G) over 5 minutes as measured using a
centrifuge-mounted Avatar, The values reported are the increase in Amide 1/Amide |I

ratio determined at 1650 cm’, respectively, after return to unit gravity following a 5 min

centrifugation to generate the imposed G forces indicated.
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